Serine hydroxymethyltransferase (SHMT) is a key enzyme in cellular one-carbon pathway and has been studied in many living organisms from bacteria to higher plants and mammals. However, biochemical and molecular characterization of SHMT from photoautotrophic microorganisms remains a challenge. Here, we isolated the SHMT gene from a halotolerant cyanobacterium Aphanothece halophytica (ApSHMT) and expressed it in Escherichia coli. Purified recombinant ApSHMT protein exhibited catalytic reactions for DL-threo-3-phenylserine as well as for L-serine. Catalytic reaction for L-serine was strongly inhibited by NaCl, but not to that level with glycine betaine. Overexpression of ApSHMT in E. coli resulted in the increased accumulation of glycine and serine. Choline and glycine betaine levels were also significantly increased. Under high salinity, the growth rate of ApSHMT-expressing cells was faster compared to its respective control. High salinity also strongly induced the transcript level of ApSHMT in A. halophytica. Our results indicate the importance of a novel pathway; salt-induced ApSHMT increased the level of glycine betaine via serine and choline and conferred the tolerance to salinity stress.
Introduction
Serine is an essential amino acid, and that plays important roles in a variety of biological processes including metabolism, purine and pyrimidine biosynthesis, and generation of activated one-carbon (C-1) unit (Beaudin et al., 2011) . Through serine hydroxymethyltransferase (SHMT), serine associates with glycine metabolism via the glycine decarboxylase complex (GDC). SHMT is a pyridoxal 5′-phosphate (PLP)-dependent enzyme catalyzing the interconversion of serine and tetrahydrofolate (THF) to glycine and N 5 , N 10 -methylene-THF (Schirch et al., 1985) . In mammals, SHMT has been shown to be involved in de novo biosynthesis of thymidylate (Anderson & Stover, 2009) . Disruption of SHMT increases the risk of neural tube defects (Anderson & Stover, 2009; Beaudin et al., 2011) . In prokaryotes such as Escherichia coli, 15% of all carbon atoms assimilated from glucose is estimated to pass through the glycine-serine pathway (Wilson et al., 1993) . In plants, SHMT cooperates with the GDC to mediate photorespiratory glycine-serine interconversion (Voll et al., 2005; Bauwe et al., 2010) . In cyanobacteria, the SHMT gene was suggested to be essential for cell survival because the complete segregation of SHMT gene could not be generated (Hagemann et al., 2005) .
Although the enzyme activity of SHMT from a cyanobacterium Synechocystis sp. PCC 6803 has been determined (Eisenhut et al., 2006) , molecular properties of cyanobacterial SHMT remain largely unknown. Here, we report on the molecular and biochemical characterization of a putative ApSHMT gene from a halotolerant cyanobacterium Aphanothece halophytica (hereafter called A. halophytica), which was isolated from the Dead Sea (Soontharapirakkul et al., 2011) . Our results show that: (1) ApSHMT catalyzes THF-dependent and THF-independent reactions; (2) ApSHMT is a salt-inducible gene; and (3) overexpression of the ApSHMT gene increases the levels of not only glycine and serine, but also choline and glycine betaine, and conferred tolerance to salinity stress.
Materials and methods

Strains and culture conditions
Escherichia coli strains DH5a, BL21, BL21 (DE3), and BL21 (DE3) pLys were grown in the Luria-Bertani (LB) medium or in M9 minimal medium. Chloramphenicol, kanamycin, and ampicillin antibiotics were used at a concentration of 25, 25, and 50 mg L
À1
, respectively, as required. A. halophytica cells were grown photoautotrophically (70 lE m À2 s
) in BG11 liquid medium containing 18 mM NaNO 3 and Turk Island salt solution at 30°C, as previously described (Waditee et al., 2003) . The growth of E. coli and cyanobacterial cells was monitored by measuring absorbance at 620 and 730 nm, respectively, with a Shimadzu UV-160A spectrophotometer.
Cloning and expression of ApSHMT in E. coli
The ApSHMT coding sequence was amplified from the genomic DNA of A. halophytica using the primer pair ApSHMT-Nde 5′-CAACATATGGTGACGCAAACAAAC-3′ and ApSHMT-BamHI: 5′-AGGGATCCTTAT GCCAT-TGCGGG-3′, and thereby incorporating the 5′-NdeI and 3′-BamHI restriction sites. The PCR product was cloned into pCR2.1 vector and sequenced to exclude PCR errors. The full-length ApSHMT fragment was prepared by double digestion with NdeI and BamHI and ligated into the corresponding sites of pCold I vector (Takara, Tokyo, Japan). The expression construct was transformed first into E. coli strain DH5a and then strains BL21, BL21 (DE3), and BL21 (DE3) pLys.
Expression of recombinant ApSHMT was induced with 0.1 mM isopropyl b-D-thiogalactopyranoside at 16°C. After 16 h, cells were harvested by centrifugation at 2300 g for 15 min. The bacterial pellets were resuspended in buffer A (100 mM Tris-Cl, pH 8.0), sonicated, and centrifuged. Clear supernatant thus obtained was loaded onto the HisTrap FF column (GE Healthcare, Little Chalfont, UK). The column was washed extensively with buffer A containing 20 mM imidazole, followed by elution of the recombinant ApSHMT protein with buffer A containing 250 mM imidazole.
Biochemical characterization
Purified recombinant ApSHMT was used for biochemical characterization. For assay of THF-independent cleavage, the standard reaction mixture contained 10 lmol of DL-threo-3-phenylserine, 10 nmol of pyridoxal 5-phosphate (PLP), 100 lmol of Tris-HCl buffer (pH 8.5-9.0), and enzyme in a final volume of 0.5 mL. Incubation was performed at 30°C for 10 min. The reaction was stopped by adding 0.5 mL of 1 M HCl. The benzaldehyde formed was determined by the 2,4-dinitrophenylhydrazine method (Misono et al., 2005) . One unit of the enzyme was defined as the amount that catalyzed the formation of 1 lmol of benzaldehyde per minute in the reaction. Specific activity was expressed as units per milligram of protein. The THF-dependent cleavage was measured according to Simic et al. (2002) with a slight modification. The reaction mixture was consisted of 20 mmol of Tris-Cl (pH 9.0), 0.2 mmol of PLP, 0.9 mmol of THF, 20 mmol of serine, and enzyme in a final volume of 1.0 mL. The reaction mixture was incubated at 25°C for 15 min, and 500 lL of sample was mixed with 125 lL of 25% (w/v) trichloroacetic acid, placed on ice, and centrifuged at 20 630 g for 10 min. Then, 480 lL of the resulting supernatant was neutralized with buffer (31.8 g of K 2 CO 3 in 100 mL of 20 mM Tris-HCl, pH 8.0), and glycine was quantitated by an amino acid analyzer with a shim-pack Li column (Shimadzu, Kyoto, Japan). All enzyme activities are given in nanomoles per minute per milligram of protein.
Amino acid analysis
Escherichia coli cells were homogenized in absolute methanol and centrifuged. The clear supernatant was collected, and the pellet was extracted twice with 90% methanol. The combined methanol extract was dried in a vacuum rotary evaporator at 45°C and stored at À 20°C until use. At the time of analysis, samples were dissolved in mobile-phase solution (pH 2.6) containing 14.1 g of trilithium citrate tetrahydrate, 70 mL of 2-methoxyethanol, and 13.3 mL of 60% HClO 4 L À1 and injected into amino acid analyzer (Shimadzu, Kyoto, Japan).
Metabolite quantitation
Choline and glycine betaine were extracted from E. coli by KI-I 2 method as described previously and measured on a time-of-flight mass spectrometer (AXIMA-CFR, Shimadzu/Kratos, Japan) using d 9 -choline or d 11 -betaine, respectively, as an internal standard (Hibino et al., 2002) .
Total RNA extraction, cDNA preparation, and semiquantitative RT-PCR Aphanothece halophytica cells were grown in the growth medium photoautotrophically for 14 days prior to the SHMT from halotolerant cyanobacteria up-and down-shock experiments. For up-shock experiment, the concentration of NaCl in growth medium was changed from 0.5 to 2.5 M. For the down-shock experiment, the concentration of NaCl was changed from 2.5 to 0.5 M. Total RNA was extracted from A. halophytica cells using the RNeasy kit (Qiagen, Hilden, Germany). Five micrograms of the total RNA was reverse transcribed using the Superscript II RT kit (Invitrogen, CA) according to the manufacturer's instructions. The PCR amplification was performed with oligonucleotides specific to targeted genes ApSHMT [primer pair ApSHMT-For (5′-CAAGGGTCTGTTCTCACC-3′) and ApSHMT-Re (5′-GTTTCTTGGCTTACGCCG-3′)] and AprnpB [primer pair AprnpB-For (5′-TGAGGAAAGTCCGGGCTTCC-3′) and AprnpB-Re (5′-GGACATAAGCCGGGTTCTGT-3′)]. The PCR-amplified samples were electrophoresed on 1.2% (w/v) agarose gels and stained with 0.1 lg mL À1 ethidium bromide staining. All RT-PCR experiments were repeated at least three times.
Other methods
SDS-PAGE and Western blot analyses were performed according to the standard protocol, as described previously (Waditee et al., 2007) . Protein concentration was determined by Bradford method. Protein bands on SDS-PAGE were detected with Coomassie brilliant blue (CBB R-250) stain. For Western blot analysis, protein bands were transferred from SDS-PAGE to a nitrocellulose membrane. The anti-6-His (69-His tag) antibody was purchased from R & D Systems (Minneapolis, MN). All standard methods used were performed according to the established protocols (Sambrook et al., 1989) .
Results
ApSHMT is a salt-inducible gene
Following the shotgun sequencing of A. halophytica, an open reading frame of 1284 base pairs encoding 427 amino acids of ApSHMT was identified (accession number, AB695121). Amino acid sequence of ApSHMT showed 81% identity with other cyanobacterial SHMTs, such as the Synechococcus sp. PCC 7002. The identity was decreased to 59, 57, 56, and 42-46% for the SHMT from Bacillus stearothermophilus, E. coli, Burkholderia, and plants, respectively (data not shown). However, the amino acid residues important for the structure and function of SHMT (Y56, D202, and K231 for the interaction with PLP; R64 and D73, inter-subunit interaction; H127, cofactor binding; P258 and R363, substrate interaction; numbering was based on ApSHMT, accession number, AB695121) were highly conserved.
Many physiological roles of SHMT have been reported to date (Wilson et al., 1993; Voll et al., 2005; Anderson & Stover, 2009; Bauwe et al., 2010; Beaudin et al., 2011) . However, the role of SHMT in salinity stress has not been examined although salt-induced increase in SHMT in Anabaena cells has been reported (Srivastava et al., 2011) . Therefore, we first studied the expression dynamics of ApSHMT gene under high salinity condition. The expression of ApSHMT was monitored by RT-PCR using the total RNA extracted from NaCl treated up-and downshocked cells. As a control, the RNase P gene, AprnpB, was used. The NaCl up-shock caused a rapid induction in the ApSHMT transcript expression within 1 h, continued until 12 h, and slightly decreased at 48 h (Fig. 1a) . By contrast, there was no obvious change in ApSHMT transcripts under NaCl down-shock conditions (data not shown).
We examined in vivo the ApSHMT activity under NaCl up-shock conditions. The ApSHMT activity in A. halophytica cells increased approximately twofold by increasing salinity from 0.5 M NaCl to 2.5 M NaCl (Fig. 1b) .
Enzymatic properties of ApSHMT
To characterize the enzymatic properties of ApSHMT protein, we expressed recombinant ApSHMT with 69His tag at N-terminus under the control of the cold-inducible promoter in E. coli. The expression of ApSHMT was optimum when 0.1 mM isopropyl thio-b-D-galactoside (IPTG) was added at OD 620 nm c. 1.0 and the culture was maintained at 16°C for 16 h. A protein band with expected molecular mass of 44 kDa was detected on SDS-PAGE (see lane 2 in Fig. 2a) . Recombinant ApSHMT protein was purified to homogeneity in a single step from crude E. coli lysate using Ni
2+
-chelating sepharose chromatography (lane 3 in Fig. 2a) . The activity of recombinant ApSHMT was assayed with DL-threo-3-phenylserine or L-serine. The former substrate has been used to investigate the aldolase reaction in bacteria (Misono et al., 2005) . The enzyme reaction followed the Michaelis-Menten kinetics. K m and V max were calculated by fitting the data into a nonlinear regression using the freeware program SIMFIT (http://www.simfit.man.ac.uk) and were found to be 0.183 mM and 3522 nmol min À1 mg À1 for DL-threo-3-phenylserine, respectively (Fig. 2b) .
The ApSHMT also displayed the Michaelis-Menten kinetics when both L-serine and THF were used as substrates. The apparent K m values for L-serine and THF were 0.379 and 0.243 mM, respectively, and the V max values were 1104 and 814 nmol min À1 mg
À1
, respectively (Fig. 2c) .
Glycine betaine protects ApSHMT activity at high salinity in vitro
As salt sensitivity of SHMT is unknown, we examined the effects of NaCl on the activity using L-serine and THF as substrates. As shown in Fig. 3 , it was found that the presence of 0.1 M NaCl decreased the ApSHMT activity by 60% and further decreased upon the increase in NaCl (Fig. 3) . As glycine betaine is an osmoprotectant in A. halophytica (Waditee et al., 2003) , we investigated the effect of glycine betaine on the ApSHMT activity. When 50 mM of glycine betaine was included in the assay medium, the activity was restored from 66% to 71%. With 100 mM glycine betaine, the activity was restored from 55% to 68%. At higher concentrations, glycine betaine efficiently restored the ApSHMT activity (Fig. 3) . These results indicate that glycine betaine protects the ApSHMT enzyme activity in vitro.
Levels of glycine and serine increased in cells expressing ApSHMT
Next, the amounts of free amino acids (glycine and serine) in control and ApSHMT-expressing cells were determined. The level of free glycine in cells expressing ApSHMT was 1.5-to 4-fold higher than that in the control cells when the cells were grown in the presence of 0-500 mM NaCl (Fig. 4a) . The level of serine was also 1.5-to 2-fold higher in the ApSHMT-expressing cells than in the control cells (Fig. 4b) . Increase in the glycine and serine levels was much higher at high salinity conditions. The levels of other amino acids in the ApSHMTexpressing cells were similar to the control cells, except Thr, which showed an increase of 1.4-fold (data not shown).
Levels of choline and glycine betaine are substantially increased in ApSHMT-expressing cells
In E. coli, glycine betaine is synthesized from choline via two-step oxidations (Lamark et al., 1991) . Therefore, we further compared the levels of choline and glycine betaine in control and ApSHMT-expressing cells. To do so, control and ApSHMT-expressing cells, grown in the M9 minimal medium with different concentration of NaCl (0-500 mM NaCl), were harvested and used to determine choline. Results showed increase in the choline level to about 2-, 2.5-, and 5-fold in the ApSHMT-expressing cells to their respective control cells when grown with 0, 300, and 500 mM NaCl, respectively (Fig. 4c) . The glycine betaine level was also severalfold higher in the ApSHMT-expressing cells than in the control cells when cells were grown in M9 minimal medium (Fig. 4d) . Finally, we compared the growth curve of ApSHMTexpressing cells and control cells. As shown in Fig. 5 , the growth of ApSHMT-expressing cells was faster than that of control cells particularly under salt-stress conditions.
Discussion
Hitherto, physiological and enzymatic properties of cyanobacterial SHMT have not been reported. In higher plants, multiple SHMT genes predicted to localize in different compartments have been described (Zhang et al., 2010) , although physiological roles of SHMT in different Fig. 3 . Effects of NaCl and glycine betaine for ApSHMT activity. Purified enzyme was assayed for THF-dependent reaction in the presence of various concentrations of NaCl. Reaction product, glycine, was quantitated by amino acid analysis. The ApSHMT activity measured in the absence of NaCl was taken as 100%. All SD values calculated from three sets of biological replicates were less than 5%. organisms are not well characterized, except for the photorespiratory role in the mitochondria (Voll et al., 2005; Jamai et al., 2009) . In cyanobacteria, only a single gene encoding SHMT could be found, suggesting that the cyanobacterial SHMT may have multiple functions in cells. SHMT in A. halophytica should play a unique role because its cells accumulate a large amount of glycine betaine under high salinity conditions. Our present data clearly indicate that the expression of ApSHMT is upregulated by NaCl (Fig. 1a) , and in vitro experiments demonstrate that the overexpression of ApSHMT increased the accumulation levels of serine, choline, and glycine betaine and caused the increased salinity tolerance of E. coli. It should be mentioned that A. halophytica uses another pathway for glycine betaine synthesis than E. coli and plants. In this pathway, C1-units (i.e. methyl groups) are directly used to methylate the precursor glycine instead of synthesizing choline. Therefore, SHMT in A. halophytica would play important role in glycine betaine synthesis. Regardless of these facts, the enhanced salt tolerance by SHMT was observed for E. coli only. Therefore, this result cannot be generalized to other organisms, especially cyanobacteria that do not synthesize glycine betaine. Biochemical analysis of the recombinant ApSHMT showed that the apparent K m value of ApSHMT for DL-threo-3-phenylserine was 0.183 mM with V max 3522 nmol min À1 mg À1 (Fig. 2b and ), respectively, which were similar [0.1-1 mM range (for L-serine) and 0.02-0.8 mM range (for THF)] to those of other organisms such as P. vivax, E. coli, B. stearothermophilus, sheep, rabbit, and human (Ulevitch & Kallen, 1977; Schirch et al., 1985; Di Salvo et al., 1998; Jala et al., 2002; Sopitthummakhun et al., 2009 ). Higher affinity of ApSHMT to DL-threo-3-phenylserine would suggest some physiological function of ApSHMT, but that remains to be clarified.
Figures 4a and b showed that expression of ApSHMT in E. coli resulted in the increase in amino acids glycine/ serine. This is interesting because the amino acid L-serine is required for pharmaceutical purposes (Stolz et al., 2007) . The total annual demand for L-serine is estimated to be 300 tons (Stolz et al., 2007) . The production processes currently utilized still rely on the extraction of L-serine. The present data suggest the possibility to exploit ApSHMT for the production of serine. Heterologous expression of ApSHMT caused elevated levels of glycine betaine and conferred tolerance to high salinity (Figs 4c and d) . As many crop plants do not have a glycine betaine synthetic pathway, genetic engineering of glycine betaine biosynthesis pathways represents a potential way to improve the tolerance of crop plant to stress and many attempts have been examined (Chen & Murata, 2002; Rontein et al., 2002) . However, the engineered levels of betaine are generally low, and the increases in tolerance are commensurately small (Hibino et al., 2002) . Subsequent works have shown that increasing the supply of choline precursors results in increased betaine levels . In a previous study, we have demonstrated that the transgenic plant expressing a gene encoding 3-phosphoglycerate dehydrogenase (PGDH), which catalyzes the first step of the phosphorylated pathway of serine biosynthesis, could contribute to increase in levels of betaine as well as glycine and serine (Waditee et al., 2007) . Therefore, the attempt to express PGDH, SHMT, and glycine betaine synthesis gene together would be worthwhile to test for the improvement of salinity stress in crop plants via boosting the levels of glycine betaine.
